Although there is accumulating evidence that intelligence quotient (IQ) indexes some aspects of the autistic spectrum disorders (ASDs), the causal relationship between autistic traits and IQ remains controversial. We examined the sources of covariation between autistic traits and IQ. As males have a four times greater risk of ASDs than females, gender-specific effects were also explored. Autistic traits and IQ were assessed in 45 twin male-male, female-female and opposite-sex pairs ascertained by the regional screening system in Nagoya, Japan. Sex-limited Cholesky structural equation models were used to decompose the correlations between autistic traits and IQ into genetic and environmental components, including sex-specific factors. Genetic correlations between autistic traits and IQ were high and not significantly different between boys and girls (À0.94 and À0.95, respectively), but genetic factors underlying the autistic traits were not entirely shared with the IQ. The individual-specific environmental correlation between autistic traits and IQ was estimated at À0.29 for boys and À0.59 for girls. There is a substantial overlap between the genetic factors that influence individual variation in autistic traits and IQ, irrespective of gender. The individual life experiences that increase autistic traits, however, have a moderate overlap with those that contribute to individual IQs.
INTRODUCTION
It has been suggested that intelligence quotient (IQ) indexes some aspects of the autistic spectrum disorders (ASDs), which include autistic disorder (AD), Asperger's disorder (AsD) and pervasive developmental disorder not otherwise specified (PDDNOS) in the DSM-IV categories, by the empirical evidences regarding the natural history and clinical descriptions, including demographics, IQ profiles and comorbidity. 1 For example, mental retardation (MR) is the most associated condition in ASDs, although conditions such as seizure, head circumference and other comorbid psychiatric symptoms are also notable. 2, 3 Approximately 50% of the children with ASDs are comorbid with MR, but this comorbidity rate increases to approximately 70% in children with AD. 4 In contrast, approximately 8% of the children with MR are comorbid with ASDs. 5, 6 There is evidence that autistic traits are highly heritable and are influenced by additive genetic and individual-specific environmental factors both in the general population 7 and in the ASD population. 8, 9 In addition, there is evidence that IQ is fairly heritable and is influenced by additive genetic, shared environmental and individualspecific environmental factors both in the general population 10 and in the mild MR population. 11 However, the causal relationship between autistic traits and IQ remains controversial as some family studies of ASDs using standardized IQ tests found a higher rate of cognitive disabilities among siblings but others could not confirm this finding. In most studies of the parents of children with ASDs a cognitive impairment could not be established. [12] [13] [14] [15] [16] An understanding of the extent to which autistic traits and IQ share genetic and environmental factors is important for classifying ASDs as well as for locating and identifying genes that contribute to ASDs. Surprisingly, there is no other published study on twins that assesses the relationship between autistic traits and IQ. In this study, we sought to determine the sources of individual covariation between the unidimensional autistic traits and IQ. Specifically, we examined to what extent both traits share the same genetic factors, environmental factors or both. In addition, we explored the potential sources of sex differences in these shared factors.
We use the term ASDs to refer to the DSM-IV category of pervasive developmental disorders (PDDs), except for Rett's disorder and childhood disintegrative disorder, both of which are qualitatively different from AD, AsD and PDDNOS in etiology and prognosis.
METHODS Subjects
In this study, participants were a cohort of twins born between 1993 and 2004 who were ascertained through at least one proband to have ASDs. These twins were living in the northern, eastern and western regions of Nagoya city, Japan, which are administered by three district care centers for disabled children (Supplementary information 1) . In this catchment area, all children with ASDs were ascertained through the regional screening system, which consists of a three-stage health checkup and also captures missed cases through referrals from kindergartens, nursery schools, clinics and hospital. Given that during the study the average participation rates were 93.2 and 87.5% for 18-month-old and 3-year-old children, respectively, and that more than 98% of the infants in the area attend kindergartens or nursery schools, most infants with developmental problems should have been noticed and thus the screening for ASDs could be considered to be thorough. If children are suspected of having ASDs, they are enrolled in a semi-structured group program or an individual therapy program held once a week at the centers. The details of the sample population have been described elsewhere. 9, 17 A consensus diagnosis of ASDs, based on the DSM-IV criteria, was made on the basis of all the information available in a semi-structured case vignette that was prepared based on medical examination, psychological assessment and a clinical report, through repeated observation, both by psychologists and by pediatric psychiatrists, of children between the ages of 4 and 6 years. Inter-rater reliability was assessed by studying 27 individuals, with their names, ages and zygosity information removed, and the kappa coefficient between the two raters (HT and MT) was 0.70 for AD, AsD, PDDNOS and non-PDD.
In a total of 47 twin pairs, at least one proband was found to have ASDs. One monozygotic pair with twin-to-twin transfusion syndrome (TTTS) and one dizygotic pair in which a co-twin suffered from a cerebral palsy (CP) were excluded. The reasons for exclusion were: (1) the recurrence risk of CP was much lower than that of MR; (2) serious prenatal and perinatal complications that are not necessarily genetic have been identified as etiologies for some children with CP 18 and (3) TTTS is also a prenatal complication. The remaining 45 twin pairs were available for genetic analysis. The probandwise concordance rate (defined as the proportion of affected twin partners of probands) for ASDs was 97.3% for monozygote (MZ) pairs and 50.0% for dizygote (DZ) pairs (Table 1 ). All pairs were Japanese and were reared together.
Blind to diagnosis, the zygosity of the twins was determined by sex combination, placentation (a monochorionic twin pair could be diagnosed as an MZ pair; reverse not true), blood groups and the zygosity questionnaire administered to the twins' parents, which have been shown to be more than 90% accurate in distinguishing MZ from DZ twins. 19 The determination of zygosity by combining all this information could be considered to be at least more accurate than that if only the questionnaire was used, although there remained the possibility that the potential misdiagnosis of the zygosity could confound the result.
Measures
The Childhood Autism Rating Scale (CARS) 20 was used to assess the severity of autistic traits among ASDs as a unitary dimension. The CARS is a behaviorbased observer-rating scale with demonstrated reliability and validity in Japanese populations. 21 The CARS comprises 15 items, which are rated from one to four, with a score of one indicating age-appropriate behavior and a score of four representing severely abnormal behavior. During a pilot period, 19 individuals were scored independently by two raters (TN and SS) who were trained extensively in CARS scoring and were blind to the individuals' names, ages, diagnoses and zygosity information. This inter-rater reliability analysis yielded an intraclass correlation coefficient of 0.91 (95% CI; 0.78-0.96). Given this high reliability coefficient among the subsamples, only one of them scored the rest of CARS. IQ was also assessed using the Tanaka-Binet test (the standardized Japanese version of Stanford-Binet) by psychologists. As approved by the ethics committees in the facilities, and with parents providing written informed consent, both measures were administered to children between the ages of 4 and 6 years.
Data analyses
For autistic traits, we examined the internal consistency of the 15 items that make up the CARS by means of Cronbach's a. Gender differences in the means of the CARS scores were tested using the t-statistic.
We applied a sex-limited bivariate Cholesky structural equation model (SEM) 22 to the twins' data to assess genetic and environmental factors shared between IQ and the autistic trait measured by CARS. The bivariate Cholesky model imposed a stratified structure on the latent factors hypothesized to determine the measured phenotypes, with one set of factors (additive genetic (A), shared environmental (C), individual-specific environmental (E)) influencing both an autistic trait and IQ, and the second set (A, C, E) accounting for residual influences specific to IQ (Figure 1 ). This choice of ordering was based on the a priori hypothesis that an autistic trait may have specific risk factors over and above those shared with IQ because autistic traits have been shown to have higher heritability than IQ. In the SEM of twin studies, data from multiple samples are analyzed simultaneously, with some or all parameters constrained to be equal over the samples, where the samples represent different kinds of twin groups (MZ males, MZ females, DZ males, DZ females, DZ opposite-sex pairs). Therefore, we included all types of pairs in our analyses.
Sex-limitation models tested for two types of gender differences: (1) differences in the magnitude of effects of the same underlying latent (genetic and environmental) factors and (2) different sources of effects not shared between boys and girls (for example, sex-specific genes; A F in Figure 1) . A re-parameterization of the bivariate Cholesky model in terms of correlations is Concordance, the number of pairs concordant by ASDs (proband concordance rate %; note that these are not pairwise concordance rates). Aut, autistic traits (CARS score); IQ, IQ test score; A, additive genetic influences; C, shared environmental influences; E, individual-specific environmental influences; A F , sex-specific genetic influences (in this case, female-specific). The subscripts M and F indicate the respective gender. A, C and E refer to factors common to both autistic traits and IQ. A ¢, C ¢ and E ¢ refer to factors influencing only the IQ.
Genetic correlation between autistic traits and IQ T Nishiyama et al schematically depicted in Figure 2 (for simplicity, only one twin pair is represented and sex-specific effects are not illustrated). In this model, the phenotypic correlation between an autistic trait and IQ in an individual was decomposed into the additive genetic (r a ), shared environmental (r c ) and individual-specific environmental (r e ) correlations between those latent factors. We fit models to the raw data by using the Mx statistical package. 23 Model testing began with the full model that included all latent variables indicated in Figure 1 . Model parameters and indices that characterized the fit of the model were calculated, and then this model was compared with nested submodels created by eliminating or constraining parameters in a stepwise fashion. The Akaike's information criterion (AIC) and the likelihood ratio w 2 test were used to compare nested models.
In addition, as we ascertained twin pairs through probands, an ascertainment correction was applied for the CARS and IQ score using the option for user-defined fit function in Mx script according to Wade et al. 24 In brief, the likelihood of pairs not being in the ascertained sample can be expressed as:
fðx 1 ; y 1 ; x 2 ; y 2 ; RÞdx 1 dy 1 dx 2 dy 2 where x 1 and x 2 are variables for integration over the normal distribution of CARS score for a proband and his co-twin, y 1 and y 2 are variables of IQ score for a proband and his co-twin, f is the four-variate normal probability density function, R is the correlation matrix (transformed from the covariance matrix) and t is the threshold used for ascertainment. Then, the likelihood of a pair of observations, x 1 and x 2 , given the ascertainment scheme is:
where S is the covariance matrix (determined by the variance components model; for more details, see Supplementary information 2). Ascertainment through probands can distort the distribution of the phenotypes of probands but not the conditional distribution of the phenotypes of co-twins given the phenotypes of probands. Therefore, for parameter estimation, it is appropriate to use this conditional distribution of the phenoypes of co-twins, given the phenotypes of probands.
The recently updated prevalence of ASDs, which is much higher than that reported earlier, is approximately 1%. 25 Similarly, we also found that the prevalence of ASDs was 3.3% in males and 0.82% in females in our population, 17 corresponding to the standard normal deviates of 1.84 and 2.40, respectively. These threshold values were used for ascertainment correction for males and for females.
All analyses, except as otherwise noted, were performed in the R statistical computing environment for Windows (Version 2.6.0). 26 All tests conducted were two-tailed, with the type I error set at 0.05.
RESULTS
The distribution of the CARS scores, plotted separately for boys and girls, is shown in Figure 3a . The mean ± s.d. score for boys was 27.8±6.2 and for girls was 26.7±7.0 (t¼0.74, d.f.¼86, P¼0.46 with the pooled variance used). The distribution of IQ scores, plotted as a whole, is shown in Figure 3b . The mean ± s.d. score was 73.7 ± 17.5. Figure 3 shows that the distributions of both scores were not strongly skewed and there were no obvious nonlinear patterns in Q-Q plots (data not shown); therefore, raw scores were subjected to SEM for further analyses. The 15 items from CARS that make up the total score exhibited good internal consistency (Cronbach's a¼0.93). The correlations between the CARS and IQ score in twin pairs are given in Supplementary information 3. Table 2 illustrates the results of our model-fitting procedure. The full model (model 1) included additive genetic, shared environmental and individual-specific environmental sources of variance and covariance for the CARS score and the IQ score, with both male-female shared and sex-specific genetic factors. Model 2 tested the significance of evidence for sex-specific genes by setting their path loading to zero. This resulted in a non-significant deterioration in fit and a more negative AIC compared with model 1 (À2.00) and was, thus, more preferable. Based on our previous results of univariate model fitting, 9 model 3 constrained the shared environmental factor in the CARS score and the shared environmental correlation between the CARS score and the IQ score to zero. This model was essentially identical in goodness of fit, but had more negative AIC (À9.42). Then, we constrained the magnitude of the additive genetic factors specific to the IQ score (A 2 ) to be equal across genders in model 4. This model fit the data almost as well as model 3, but with slightly more negative AIC, making it the overall best-fitting model by that criterion (Supplementary material 4) . Model 5 constrained the genetic correlation between the CARS score and the IQ score to À1.0 as these are estimated to be near À1.0 in both sexes, forcing the assumption that 
DISCUSSION
This study used bivariate modeling of twins' data to examine the genetic and environmental factors shared by autistic traits and IQ. Our results suggest that the additive genetic factors underlying autistic traits are not perfectly, but substantially, common to those that influence IQ. Individual-specific environmental factors, on the other hand, are modestly correlated between both traits. On applying the sex-limitation structure to these models, we found no evidence to support any sex-specific genetic factor. To our knowledge, this is the first study to examine the factors underlying the relationship between autistic traits and IQ. From our result suggesting substantial genetic correlation between autistic traits and IQ, it is predicted that there will be many genetic factors predisposing to ASDs as well as MR, and recently, copy number variations of chromosomes as such were actually identified. 27, 28 Regarding environmental factors, our results indicate that there are individual-specific environmental factors that influence both autistic traits and IQ, although most of the environmental factors that increase the autistic traits do not influence IQ and vice versa.
The results of this report should be interpreted in the context of several potential limitations. First, these findings largely depend on what instruments were used to measure autistic traits. For example, the Broader Phenotype Autism Symptom Scale (BPASS) and the CARS are moderately correlated to IQ, 29, 30 whereas the Social and Communication Disorders Checklist (SCDC) and the Social Responsiveness Scale (SRS) are generally unrelated to IQ. 31, 32 These differences primarily reflect the characteristics of the instruments used. The SRS was specifically designed to tap social deficits that are inherent in ASD and the SCDC was also originally developed to measure social deficits in Turner's syndrome. In contrast, both the BPASS and CARS include broad-ranging domains of autistic symptomatology. Thus, social deficits seem to be independent of, but the other autistic traits, such as communication impairment and stereotypical behaviors, seem to be correlated to intellectual abilities (Figure 4 ). This finding would be supported, in part, by the studies suggesting that the type of repetitive behaviors in those with ASDs Genetic correlation between autistic traits and IQ T Nishiyama et al varied with IQ 33, 34 and also that communication impairment was associated with verbal abilities. 35 Second, diagnosis of PDDNOS is problematic from a nosological point of view. The definition of PDDNOS has no explicit operational criteria, similar to all disorders with the 'NOS' qualifier. Severely disabled children with MR may, therefore, have autistic features but they might not be enough to warrant the diagnosis of AD. This child, then, would receive the diagnosis of PDDNOS, indicating a mild degree of autism in the context of a severely handicapping condition. This phenomenon, called 'diagnostic substitution' , can partially explain the growing identification of ASDs over the past decade. 36 As children with PDDNOS outnumber those with AD by several-fold, the strong genetic correlation estimated in this study could be, in part, spurious because of an unreliable description of PDDNOS. In fact, the ability of experienced raters to differentiate reliably between AD, AsD and PDDNOS, based on the DSM-IV criteria, has been found to be far from optimal. 37 Third, the findings of this analysis are predicated based on the assumptions of SEM of twins. These assumptions include the unitarity of the observational variables, independence and additivity of the latent variables, absence of assortative mating and uniformity of environment, which imply that monozygotic and dizygotic twins are equally correlated in their exposure to environmental events. The CARS, one of the observational variables in the study, was designed to reflect the view that the varied symptoms shown by individuals with autism represented a unitary dimension. Indeed, the results of earlier reliable studies and those of this analysis indicated a high degree of internal consistency among the scale items of the CARS. Therefore, CARS score can be treated as a unitary variable with inter-rater reliability and discriminant validity. 38 Another observational variable is IQ. In 4-year-old twins, genetic correlation between verbal and nonverbal cognitive abilities is approximately 0.6 both for the general population and for the low IQ extreme of the general population, 39 and increases to approximately 1.0 in adolescence and adulthood. 40 Therefore, IQ score can also be treated as unitary in genetic analysis. Although the presence of assortative mating has been suggested from the intergenerational study of autistic traits in the general population, 7 we could not examine the presence of assortative mating because data regarding only one generation's twins were used. Similarly, other assumptions, such as the uniform environment assumption, could also not be tested in this study.
Fourth, although previous work suggests that estimates of the genetic contribution to variation in cognitive ability do not differ significantly between boys and girls, 41 there might be a sex influence on the estimate of the genetic influence on IQ. It would be worthwhile to examine whether the estimate of the genetic correlation is different for boys and girls, which, however, would require a larger sample size.
Fifth, the relatively low sample size posed a significant challenge in model fitting. This lack of power is partly responsible for the wide confidence intervals estimated and may lead to imprecision in the estimation of parameters.
Finally, the results presented here are derived from a sample of twins. Although the twinning process itself is not a substantial risk factor in the etiology of autism, 42 twins are known to have substantially lower IQ in childhood than singletons in the same family because of the shorter gestations and impaired fetal growth that affect some twins. 43 This might affect generalization of the results to the singleton population, which is not subjected to experiences responsible for the cognitive delay in twins.
In conclusion, our results confirmed the existence of a substantial genetic association between autistic traits and IQ. Reliable and valid diagnostic procedures are a prerequisite for examining disease etiology. The diagnoses and classification of ASD have progressed considerably in the last 60 years, but much remains to be done for determining the role of IQ in classification of ASD.
